I. INTRODUCTION

P
ERIODIC surfaces consisting of meander-line gratings (MLGs) have long been studied because they allow for the synthesis of specific anisotropic scattering. The basic underlying principle is that plane waves impinging on MLGs with electric field parallel to the meander-line axis experience an inductive behavior, whereas incident waves with perpendicular polarization encounter a capacitive sheet. Widely employed in the conception of polarizers, MLGs allow to convert the linear polarization of an impinging wave into circular. This solution was first proposed in 1970s [1] , widely applied in successive years [2] - [4] , with some approaches revisited nowadays for modern satellite communication systems [5] . MLGs can also find application in the design of dual-polarized absorbers. For instance, superconducting kinetic detectors in the terahertz/IR regime have been developed using linear absorbing strips [6] , which were modeled analytically with the equivalent circuit presented in [7] . This geometry receives only one polarization, and instead the use of meandered absorbing mesh will allow the reception of two incoherent polarizations simultaneously increasing the overall system sensitivity and still be used as a resonating read out inductor. Due to MLGs' potential and versatility, their characterization has also attracted much interest. Several models have already been reported in the literature [2] , although their analytical formulation suffers from frequency and geometrical limitations. The present letter proposes a wideband equivalent circuit model (CM) that allows for the characterization of MLGs in layered media. The CM is based on some of the authors' previous works on physically insightful models [8] , [9] . Analytical expressions can be provided for all the elements of the CM. A main requirement to build the CM is a good assumption of the meander surface-current distribution, which can be extracted either from standard method-of-moments entire-domain basis functions (such as those in [3] ), or from commercial full-wave tools [8] . This CM is intended to be an efficient design tool for applications involving MLGs, here illustrated by means of two examples. This letter is organized as follows: Section II presents the general guidelines to build the CM, the way to obtain the surface current distribution on the meander, and the inclusion of ohmic/dielectric losses in the CM. Two applications of the CM are exposed in Section III, first a microwave polarizer and second a terahertz absorber. Numerical results provided by the CM are finally shown and compared to those obtained by CST [11] in order to validate the proposal.
II. MLG CIRCUIT MODEL
The structure under study is sketched in Fig. 1(a) , consisting of an MLG embedded by two semiinfinite dielectric media.
The periodicity of the problem makes that the scattering of a plane wave impinging on this MLG can be analyzed by just considering its unit cell [sketched in Fig. 1(b) ] and to interpret the scenario as a waveguide-discontinuity problem [8] , [9] . The equivalent impedance for such a problem, Z MLG , is next extracted following the guidelines reported in [9] . By imposing the scatterer's boundary conditions to the fields' Floquet expansions at both sides of the discontinuity, the following expression for Z MLG can be derived [9, (49) ]:
(the symbol in the summation implies that the incident harmonic is excluded). The resulting impedance represents the coupling of energy from the impinging wave to the rest of infinite higher-order (ho) Floquet harmonics of order n, m supported by the doubly-periodic MLG. Equation (1) is composed of three different contributions, all series connected from a circuital point of view (the equivalent circuit is displayed in [9, Fig. 8 ]). The first two contributions, the capacitance C ho and the inductance L ho , are related to the excitation of all evanescent TM and TE harmonics, respectively. These harmonics are characterized by an order |n|, |m| greater than a certain integer number M. C ho and L ho can be expressed as ( [9, (50) and (51)])
with k n,m being the cutoff wavenumber of the harmonic of order n, m and ε (1) r and ε (2) r the relative permittivity of the media (1) and (2) [left and right sides of the discontinuity in Fig. 1(a) ]. Each term included in the summations is weighted by a factor N TE/TM nm , which is related to the projection of the transverse field profile of a TE/TM harmonic over the surface current density on the meander, named as J TE/TM (x, y). Detailed information on the nature and closed-form expression of this projection is available in [9] (see (32) in there). Both C ho and L ho are independent on the frequency and the angle of incidence, therefore they can be calculated once and stored. The third contribution in (1) corresponds to the excitation of the rest of harmonics of order |n|, |m| ≤ M that were not considered in the two previous regular reactance terms. Each term taking part in the summation corresponds to the the parallel connection of the frequencydependent modal admittances Y 
A. Analytical Expression for the Meander Surface Current
At operation wavelengths relatively larger or similar to the meander length L [see Fig. 1(b) ], it can be assumed that the surface current density on MLGs does not vary significantly with frequency [8] , [9] . Under this premise, a frequency-independent spatial profile can be defined for the surface current density. We propose the following analytical expressions for the spatial profile, which allow to consider TE/TM-polarized plane wave excitation of the MLG under conical incidence (i.e., from angles θ , φ):
Here, the exponential functions depending on the transverse wavenumbers of the incident wave, k x0 = k 0 sin(θ ) cos(φ) and k y0 = k 0 sin(θ ) sin(φ), represent the phase shift imposed by the obliquely incident wave over the surface-current pattern. In these equations, j x/y represent the current profiles excited in the meander by the x/y-directed components of the incident electric field. These profiles can be expressed by the following analytical expressions [the geometrical parameters of the meander are defined in Fig. 1(b) ]:
S1, S3, and S5 −x, S2 x, S4 .
These expressions are chosen starting from the basis functions for meander lines proposed in [3] and aim at preserving continuity between adjacent strips of the meander. Equation (6) implies a sine-shaped current profile when the impinging electric field is perpendicular to the meander (directed along x), and (7) a constant profile when the incident field is parallel to the meander (y-polarized). These profiles are assumed to be constant within the width w of the meander. Surface currents in (6) and (7) only cover the meander sections, not the corners [red square regions in Fig. 1(b) ]. We define the current profiles in these corners so that they satisfy the boundary conditions imposed on the corner edges and preserving continuity between sections. The followed procedure is next illustrated for the case of the profile j x in the corner formed between the meander sections S2 and S3, zoomed in Fig. 2(a) . This profile is labeled as j 23 x and, considering (6) , is taken as the following superposition of the current entering from S2 and the surface current departing toward S3:
(8) The x-directed component of (8) corresponds to the current coming from S2, flowing from x c to x d [see Fig. 2(a) ]. The value of this component equals |j x | in (6) for S2 when x = x c , and it decays linearly with x, being null at the edge limit x = x d . This zero value ensures that no perpendicular current exists at the corner edge. Applying the same rationale, the component in (8) directed along y is equal to |j x | for S3 in (6) when y = y c , and it is null at the edge y = y d . This same procedure is applied for |j y | and the rest of the corners bends. The resulting final vertical and horizontal current profiles are displayed in Fig. 2(b) .
B. Incorporation of Ohmic and Dielectric Losses
Dielectric losses can be directly included in the proposed CM by considering the complex-valued permittivity of the substrate in the formulation. Here we extend the procedure in [9] to account for ohmic losses since they play a fundamental role in the characterization of absorption in MLGs. Reference [9, (33) ], which described the null power consumption in a lossless metallic patch, should now be rewritten as
where R s is the resistance in ohms-per-square, expressed in terms of the conductivity σ and thickness h of the metal, R s = 1/(σ h) if weak skin effect is assumed. Additionally, E represents the electric field at either side of the discontinuity, and H (1) and H (2) are the magnetic field at each side of the discontinuity. After some manipulations, the following effective resistance, series connected to the elements in (1), can be recognized
with the summation involving all the TE and TM harmonics.
III. RESULTS
A. Stacked MLGs Used as Polarizers
Circular polarization can be achieved from MLGs by illuminating them with a φ = 45
• slant-polarized beam [1] . This way, the external excitation is regarded as the superposition of in-phase vertically and horizontally polarized (v/h-pol) plane waves of equal amplitude. An example of such structure consisting of a stack of three MLGs can be found in [4] , whose unit cell is sketched at the top of Fig. 3 . As the MLGs are spaced approximately λ/4 at the operation frequency, it can be considered that the reactive field in the vicinity of a single MLG is not affected by the presence of others. This assumption allows for the characterization of the structure by a CM based on a stack of Z MLG as the ones presented in (1) . Since the operation frequency is far below the onset of grating lobes, the excitation of all high-order harmonics in (1) is well captured by the elements C ho and L ho , with them being computed in (2) and (3) taking M = 0. The particular value taken by these circuit elements is strongly influenced by the polarization of the impinging wave, being possible to identify different simplified CMs for the v-pol and for the h-pol cases. When the impinging electric field is vpol (directed along y), the current profile excited in the MLG is that in (7), giving rise to a null capacitive impedance when computing (2) and, thus, an inductive equivalent impedance Z MLG . When the impinging electric field is h-pol (directed along x), the current profile in (6) is considered, resulting in nonzero inductive and capacitive terms (with the capacitive contribution being the dominant one). Here, the inductive contribution depends strongly on the length of the meander horizontal strips [parameters l 2 and l 4 in Fig. 1(b) ]. When those strips are short, as in our case of study [4] and most of MLG polarizers, L ho becomes negligible. The resulting CM for each polarization is displayed in Fig. 3 , showing that the CM is mainly inductive/capacitive for v/h-excitation of the MLGs. The transmission lines characterize the propagation of the incident fundamental harmonic between MLGs.
The magnitude and phase of the polarizer transmission coefficient (S 21 ) for v/h-incidence, together with the axial ratio (AR), are plotted in Fig. 4 comparing the CM and CST results. From Fig. 4(a) , it can be inferred the existence of total transmission bands between 16 and 18 GHz for both polarizations, as well as from Fig. 4(b) an almost 90
• phase difference between them along the same band. The purity of circular polarization is better accounted for by the AR, displayed in Fig. 4(a) ; high purity is usually associated with values below 3 dB. This value is reached by the polarizer under study, though here the results provided by the CM and CST differ slightly. This deviation stems mainly from the the high sensitivity intrinsic to the definition of the AR. Note that any minor discrepancies in the S 21 magnitude or phase will strongly impact the AR agreement. All in all, it is important to note that the behavior of the polarizer is reasonably well captured by the CM, additionally providing a good physical insight into its underlying operation mechanism.
B. Metal-Backed MLGs Used as Absorbers
On the basis of the Salisbury's screen technique [10] , absorbers can be conceived by placing an MLG at a distance around λ/4 from a ground plane (GP). The advantage of using meander geometries lies in the possibility of controlling the absorption associated with v-and h-pol independently. In order to achieve an efficient absorption level, the resistive properties of the metallic meander have to be conveniently tuned. A picture of the structure and its corresponding CM is shown in Fig. 5 . In order to include the presence of the GP in the CM, each of the transmission lines associated with the propagation along the grounded dielectric slab [medium (2)] has to be short-circuited. This way, the modal admittances Y (2) nm in (1) are replaced with
where β (2) n,m is the propagation constant of the nm-harmonic inside the grounded dielectric, and d is the thickness of the grounded substrate. Absorption operation is more efficient when working well below the onset of grating lobes, and in this situation the CM can be simplified by accounting for the contribution of all high-order harmonics by regular inductive and capacitive terms. In contrast to the previous example, the possibility to excite the cross-pol term is now considered, which appears under conical incidence (out from the principal planes). In the CM shown in Fig. 5 , the resistance R associated with the ohmic losses is also included following the procedure in Section II-B. The proposed CM not only helps us understand the absorber operation, but also to speed up its design to match any specific practical requirement. The example described in Fig. 5 has been designed so that the absorption band takes place in the terahertz regime, addressing the specifications demanded for LEKID devices [6] ; some results are presented in Fig. 6 . The absorption band achieved for each polarization in Fig. 6(a) and (b) is quite wide, assuming the value −3 dB as the band limit. The results for conical incidence plotted in Fig. 6(c) and (d) highlight that the absorption performance is not only kept but enhanced. The results provided by the proposed model are, generally, in good agreement with those obtained with CST, confirming again its usefulness for thoughtful design. 
IV. CONCLUSION
An analytical CM for MLGs has been presented and proposed as a design tool. The circuit is applied for the design of absorbers and polarizers. The results provided by the CM show a very good performance after being compared with results provided by CST.
